Abstract-Several applications need a high power, high output voltage ac/dc converter. The structure includes a dc/dc resonant stage, which is fed from a three-phase line. Due to standards, rectified dc input voltage varies largely from 400 to 750 V affecting the adversely overall design and current levels. In fact, losses in the inverter become unbearable if both switching frequency and transferred power are desired beyond a certain level. In those cases, it is necessary to connect several switches in parallel. As an alternative, the new switches can configure a new modular structure instead, adding more flexibility in the control to compensate input voltage variations. As a result, the required circulating current is reduced to a half, with benefits in total power losses. Moreover, the nature of the topology allows a reconfiguration of the resonant net (LCC) for low power, reducing even further the minimum circulating current under those conditions (fluoroscopy, for instance). In this paper, the new multilevel resonant topology is mathematically modeled and proposed for radiography and fluoroscopy. An example illustrates the design procedure for a given application at 100 kW, 50-150 kV.
I. INTRODUCTION

A
SIGNIFICANT number of industrial applications require a power supply capable to deliver a dc voltage of tens of kV while transferring a power of tens of kW. Such applications include X-ray generators, electron beam welding machines, or electrostatic precipitators to name a few [1] - [5] . In all cases, the primary power supply is a three-phase line. Universal power input ranges from 380-480 V rms depending on the different regional regulations. Fig. 1 shows a block diagram with the usual structure of such a high-voltage power supply. The first stage is a three-phase rectifier. Given the different line settings, operating tolerances and 50-60 Hz ripple [6] , the rectifier output can take The authors are with the Edificios Departamentales Oeste, Universidad de Oviedo, Gijón 33204, Spain (e-mail:,jamartin@uniovi.es; ospardo@gmail.com; jamartin@uniovi.es; fnuno@uniovi.es; pedroj@uniovi.es; amartinp@uniovi. es).
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Digital Object Identifier 10.1109/TPEL.2018.2867287 values between 400 V and 750 V. The second stage is a square wave inverter where the switching frequency is in the range of tens of kHz. This value is high enough to consider its input voltage as dc and to allow the minimization of the transformer size.
Transformer design is certainly the cornerstone for these kinds of power supplies. It provides electrical isolation and raises the output voltage to the required range: between 20 kV and 150 kV, depending on the application. Its special features can be summarized in two noticeable consequences for the topology: the presence of a leakage inductance, LS, and a stray capacitance in the secondary, C P ; both significant [7] - [9] . The transformer also presents a magnetizing inductance in parallel with C P , but it can be neglected because, in the switching frequency range, its impedance is at least 10 times bigger than the capacitor's impedance. In general, the inclusion of a stepup transformer in the circuit leads to resonant topologies [10] - [23] . In particular, the series parallel resonant topology, PRC-LCC, with a capacitor as output filter is one of the most attractive solutions, since it includes the transformer parasitic elements easily, Fig. 2 [16]- [21] . This paper presents a multilevel modification of this topology, which provides further versatility. 
II. RESONANT INVERTER
A full-bridge based PRC-LCC resonant converter, Fig. 2 , must be capable of providing full power with the minimum input voltage, 400 V. The best design strategy is to employ a large duty cycle and a close-to-resonance switching frequency for these conditions. Fig. 3 shows the ideal aspect of the resonant current i L and the inverter output voltage V AB at minimum input voltage and rated output power. The inverter is delivering power to the load throughout the period. Therefore, the absence of reactive energy minimizes the required amplitude of the resonant current i LP . This situation is truly advantageous also from the viewpoint of the switching losses, because the switching transitions always occur without current. As an example, in a 100 kW rated power supply, an energy balance shows that the minimum required current peak i LP in ideal conditions, will be around 400 A (1) if V IN = 400 V. In practice, it would be higher since converter power losses must be compensated and 0.5 as the duty cycle is not always possible
Obviously, when the input voltage is not minimum the working regime must change to maintain transferred power. Many control possibilities arise: to increase the switching frequency above resonance, Fig. 4(a) , to decrease the duty cycle, Fig. 4(b) , or to combine both strategies, Fig. 4(c) . In all the cases, ideal conditions as in Fig. 3 are no longer possible if V IN > 400 V and higher V IN is not translated into a diminishing current amplitude like desired. Fig. 4 includes a mathematical approach to calculate that amplitude in every case. This paper proposes a new power topology to improve the design of high voltage, high power dc-dc converters. The introduction of a modular configuration of the inverter, Fig. 5 , allows a better design of the resonant tank, reducing the resonant current peak to a half. The switching transitions are separated into two, taking place in a better situation for the IGBTs, and reducing overall losses. The higher flexibility of the topology also allows a much better operation when the power supply must deliver very low power. In X-ray medical applications, this situation appears in diagnosis through fluoroscopy and it is very important to asses overall performance. Again, for low power, the original PRC-LCC resonant topology presents current levels even four times higher than the proposed solution. 
III. MULTILEVEL PRC-LCC RESONANT CONVERTER
The proposed topology couples two full-bridges through an auxiliary transformer with a 1:1 ratio, Fig. 5 . As there are two inverters, there are also two duty cycles d 1 and d 2 and a new control parameter is gained. Now, the voltage at the input of the resonant tank V AB maintains a square waveform, but presents five voltage levels. As Fig. 6 shows, V AB can look different depending on the timing between inverters. The designer should choose according to the switching losses in the inverter. The option represented in Fig. 6 zero voltage switching during turn ON, which is a more difficult transition in this sort of switches [21] . Now hard turn OFF switching can still happen, but the control can avoid that both of the inverters were involved at maximum current.
On the other hand, the inverter voltage V AB is still applied over a resonant network, and the switching frequency is in the proximity of resonance. Therefore, the first harmonic approximation of currents and voltages provides a simple and convenient mathematical tool for the analysis of the topology. With the multilevel structure of the inverter, two controllable duty cycles provide more flexibility to configure V AB . Now, it is possible to maintain in a narrower range its first harmonic term, compensating better the wide input voltage sweep, 400-750 V. Besides, the applied voltage to the resonant tank is higher, since the peak can reach two times V IN , Fig. 6 . Thus, the design of the topology resonant network may consider a higher minimum input voltage V IN . There is a certain degree of freedom in selecting the new minimum V IN , but assuming 800 V, a new evaluation of (1) shows that only about a half of the resonant current is necessary for the same delivered power.
Obviously, a higher voltage at the input affects the design, and the resonant network should change of values. The price to pay for such a flexibility is an auxiliary transformer with a 1:1 ratio. It makes possible the addition of both inverter voltages for high power levels in radiography avoiding the necessity of two isolated inputs. However, the auxiliary transformer has an additional use that improves the behavior of the converter in fluoroscopy. At such low power, the auxiliary full bridge can be kept open, and the magnetizing inductance of the auxiliary transformer L M appears in the resonant network. Added to the leakage inductance, L S , it modifies the resonant circuit, reducing largely the required current and shifting switching frequency at low power. It is well known that, in resonant topologies, the switching frequency must be increased considerably for low power. Also that the circulating current is not reduced proportionally [22] - [26] . This scheme of a new resonant inductance in the circuit helps to mitigate both effects improving the expected efficiency for fluoroscopy. Of course, there is a relationship between the current and the voltage in the capacitor C S (3). And finally, balance of current (KCL) at the high-voltage output capacitor leads to (4) . There, the current i D is divided between the output capacitor C F and the load, which behaves as a resistor R. Magnitudes in (4) have been transferred to the primary of the step-up transformer
These three differential equations (2)- (4) are the state equations. They form a dynamical model for the topology. They include three variables that store a significant amount of energy: V S , V O , and i L . These three variables are the state variables. As the variation of energy is important in the circuit state analysis, their time-derivatives appear explicitly in the state equations. In the resonant side of the topology, the waveforms are periodic, Fig. 6 . Although the voltages V AB and V P have linear lapses, the expected current is quasi-sinusoidal. Therefore, i L and V S can be approximated by its first harmonic term in the Fourier series without substantial accuracy loss (5) and (6) [27] . This affects the state equations (2) and (3). However, the only state variable in (4) is V O . In the lapse of a switching period, it is expected to be a dc voltage with narrowed ripple. Therefore, it is possible to approximate it by the dc term of its Fourier series, an average voltage which can vary in the long run (7)
It should be noted that although V P is the voltage of a capacitor, the energy that it represents is not significant, and hence it is not a state variable. In fact, its voltage is clamped twice every period, when the output rectifier is ON, by the voltage at C f , a quite higher capacitance. Actually, the output rectifier operates in discontinuous conduction mode, being OFF every time the resonant current i L changes its sign. At that momento of the period, i L flows through C P , charging it sinusoidally. After some time, V P reaches V O and the rectifier is ON again. Now C f and C P are connected in parallel. Given the high capacitance of C f , the resonant current can hardly change the voltage across this capacitor, and it can be assumed to remain constant: V P is clamped at V O . This process is repeated twice a period, Fig. 6 (c). The conduction angle of C P in a period, ψ, can be deduced from the differential equation of a charging capacitor. Considering the resonant current as sinusoidal (5), ψ is expressed as a function of the current peak i LP and the value of the output voltage referred to the primary V O , (8) , or in other words, as a function of two state variables
Fig
. 6(b) shows that the formulation of V P (t) and i D (t) depend on ψ(t), and in consequence, on i LA (t), i LB (t), and V O (t). V P (t) appears in (2), a state equation for the resonant net. Applying the extended describing function technique [28] , the first harmonic term is a good approximation not only for the state variables (5) and (6) but also for the others V P (9) and V AB (10) . Applying the same criteria to (4), the average value is a good approximation for i D (t) (11)
where μ(t), V PA (t), and V PB (t) are abbreviations given by (12)- (14), respectively
However, the expresions V ABA (t) and V ABB (t) depend on the way the signals of both inverters are added. In this paper, two particular options are annalyzed. The Fourier coefficients are given in (15)- (18), respectively, for the symmetrical, 
Now, the state equations (2)- (4) can be reconsidered to substitute the state variables (5)- (7), and other variables V P , i D , and V AB (9)- (11) for their suitable harmonic approximation. This substitution modifies the mathematical expression of the dynamic model (19)- (23). 1) All the terms in (2) and (3) contain sin (ωt) or cos (ωt). Grouping them in separate families, (2) is split into two equations: (19) and (20) . Likewise (3) gives place to (21) and (22) . Therefore, there are five state equations now.
2) The new number of variables increases to five. They are:
, and V OAVG (t). The other variables of the original model have been expressed as a function of these new state variables or the control param-
As there are the same number of (19)- (23) than of variables, the system can be solved
3) The dynamic model expressed by (19) - (23) is not exact. It has been obtained through a harmonic approximation of variables. Nevertheless, the information it provides is still very accurate. 4) As the exact resonant current i L (t) has been approximated by a sinusoidal waveform, the information contained in the new state variables i LA (t) and i LB (t) is the magnitude (24) and phase (25) of that sinusoid. The same relation- ship is applicable to V S (t) and V SA (t)-V SB (t). On its side, V OAVG (t) represents the evolution along time of the average value of V O (t) in a switching period
5) The model is suitable for any configuration of V AB (t). Fig. 6 presents two of the possibilities, and (15)- (18) provide the formulation of their respective first harmonic term which must be inserted in (19) and (29) . If d 2 is made zero, the resulting model is applicable to the original PRC-LCC resonant converter with a capacitor as output filter.
V. STEADY-STATE MODEL
The large signal model (19)- (23) of the topology contains a steady-state model. It is only necessary to consider the particular case where the variables do not change from one period to the next. Mathematically, this means that variable derivatives are zero. Making this assumption in (19) - (23), they provided the steady-state model, given in (26)- (30) . The subscript 0 stands for static operation
This model can be summarized in an equivalent circuit, Fig. 7 , whose analysis provides the same set of equations (26)- (30) . The circuit is divided into two meshes. On the left, an RLC circuit represents the resonant stage of the topology. Two sinusoidal power sources force the resonant current to flow. R X stands as an equivalent resistance of the load seen from the low voltage side of the transformer, through the output rectifier. The power transferred to R X is equal to the output power. On the right, a dc current source feeds the output section to compute the converters output voltage on the load R. The study of the steady-state model allows quantifying the maximum transferred power of the topology (31) for a wide set of different voltages gains. "C" is the serial association of C P and C S (32) while "k" is a constant, which depends on the capacitors ratio β (33) Table I presents a relationship between "k" and β obtained from the steady-state model (see Fig. 7 )
On the other side, the minimum switching frequency is given by the series resonance of C S and L X (34). If the maximum transferable power and the minimum resonant frequency are known, an adequate value for the passive components of the resonant circuit can be deduced from (31), (33), and (34) -three equations and three variables
The PRC-LCC resonant converter is a particular case of the multilevel topology presented in this paper. Therefore, (31)-(34) also apply. If the goal is a maximum power of 100 kW and a minimum switching frequency of 50 kHz, a possible set of parameters for the topology passive components are: L S = 10 μH, C S = 950 nF, and C P = 630 nF. They ensure that maximum power is reachable at the minimum input voltage V IN = 400 V. On the other side, L S and C P match the parasitics of the available stepup transformer. The transformer ratio is set to 1:133. Therefore, the intrinsic voltage gain (excluded the stepup transformer) of the topology is between 0.5 (V O = 50 kV and V IN = 750 V) and 2.8 (V O = 150 kV and V IN = 400 V), the most suitable range. The simulation results presented in Fig. 8 were obtained under these assumptions. for other output voltages, the control parameters, switching frequency f and duty cycle d must change, even if V IN continues to be 400 V. The control scheme of Fig. 4(c) 
If the input voltage is increased from 400 V upwards, Fig. 8 shows that the current amplitude does not diminish, as it would be desirable. Actually, it even experiments a slight increment. To keep power balance, duty cycle drops clearly with a rising V IN . The situation becomes dreadful at V IN = 750 V. There, the duty cycle is around 0.25. It means that the switching transitions in the switches of the inverter occur at the worst moment of the period, when the resonant current is at its peak, iL(t) = i LP , Fig. 4(c) . Moreover, expected values for that current peak and for the inverter voltage are at their maximums (440-510 A and 750 V, respectively, in the 100 kW example). Thus, switching transitions deal with the higher voltage and current levels, while the conduction losses are not reduced. It is not easy to find a switch for those power levels at high frequency. At least two switches must be connected in parallel to share the losses, assembling two inverters de facto. Si IGBTs is the usual choice for these current levels, more than 500 A. The use of a single 600 A or two 300 A IGBTs per switch produces unbearable losses beyond 1400 W per IGBT. However, SiC MOSFETs are arising as a promising alternative for currents up to 300 A, (CAS300M12BM2, from Cree) offering lower switching and conduction losses than their Si counterparts. Two of these MOSFETs can be parallelized for the application. An estimation of turn OFF and conduction losses for the couple is made following the method described in [29] . So, (35) and (36) are deduced, respectively, for switching and conduction losses calculation in the switches. To apply (36), the voltage of the MOSFET must be modeled. During a switching period, this voltage depends on the particular state of the switch (forward conduction, reverse MOSFET, reverse diode, and MOSFET). Using MOSFETs datasheet it is possible to adjust linearly the curves of the device to obtain "a" and "b" in (36) for every case. Now, the model of the topology provides data for the waveforms in any particular operation point, i.e., frequency, duty cycle, current, and different transition angles between regions in the switch, "α1" and "α2" [17] . Joining the information from the models, the total losses for the parallelized inverter can be calculated, Fig. 9 . The ac- curacy of this method has been proved experimentally many times as, for example, in [30] and [31] . In particular, Villegas et al. [30] compare theoretical and experimental losses in an 80 kW inverter like the one presented in Fig. 2 with similar conclusions. As expected, for V IN = 750 V and P = 100 kW, losses increase dramatically due to duty cycles close to 0.25, Fig. 9 , getting to a 7% (7 kW!) of total transferred power. As a result, a big amount of losses is expected in this configuration of the inverter, even considering that the parallelization of the switches is perfect. In fact, this is an additional issue, with many problems to solve from the dynamical and static point of view, involving a careful design of the drivers and a slowdown of switching transitions for equalization 
The proposed multilevel strategy introduces some flexibility in the scheme. Now it is possible to establish V IN = 800 V as the minimum input voltage, because in the extreme, when V IN = 400 V, a square voltage of 800 V could be obtained using both inverters. Thus, the strategy is to use an inverter voltage as the one in Fig. 6(b) to compensate variations in the input in the way that the first harmonic of V AB will always be equivalent to the 800 V case. Now, since V IN is higher because the presence of two inverters, the transformer ratio n is lowered to 1:70, and the intrinsic voltage gain of the topology is restricted to 0.95-2.85. On the other hand, a higher minimum input voltage affects the suitable values of the passive components. According to (31)-(34), those new values should be about L S = 35 μH, C S = 275 nF, and C P = 183 nF. An important aspect of the situation is that the parasitic capacitance, C P , and leakage inductance, L S , of the stepup transformer are mainly in its secondary side whose number of turns and isolation distances to the core must be quite bigger to generate and withstand kV. Of course, a reduction in the transformer ratio affects the value of parasitics when observed from the primary. In fact, L S is multiplied for (133/70) 2 and C P is divided by the same quantity. Therefore, it is possible to modify just the primary of the transformer and to obtain the newly desired parasitics on it. Additionally, this new primary will occupy more or less the same volume in the core window, since the number of turns is almost doubled but, as later demonstrated, the current is going to be halved. Hence, the changes for a new suitable transformer looks not only feasible, but also minor. Fig. 10 shows the current peak for iL and the required duty cycle d1 to reach different output voltages and powers with the new proposed multilevel topology. The maximum expected current is 260 A, half the calculated before, Fig. 8 . This is coherent to the application of V IN = 800 in (1) and to a narrower range in the intrinsic voltage gain. Fig. 10 can help to estimate the turn OFF switching losses in one of the switches. For V IN equal to 750 V, the model predicts the worst case when the output power is 50 kW and the output voltage is 150 kV. In this situation, the expected current, with an amplitude of 240 A, is switched at its peak, since the duty cycle under these conditions is 0.25. According to (35), worst-case switching losses are reduced to 400 W, half the amount previously computed, because of current diminution. At 750 V, only one of the inverters is active, working with d1 close to 0.25. The other is short-circuited, ideally d 2 = 0. However, both inverters can change papers in alternate periods, sharing switching losses between them. The expected turn OFF losses per switch are reduced to 200 W in the bad leg of the inverters. Turning ON losses are not so important since they occur with low current, Fig. 6(b) . On the other hand, the diminution of the current to a half, from 540 A to 260 A, ensures a favorable situation also for conduction losses in the multilevel structure. Additionally, it is easier to find switches with a suitable current rate, and the problems of parallelizing are avoided. Fig. 9 compares the losses of the proposed multilevel inverter at 100 kW against a parallelized full bridge with perfect current sharing. Now, total conduction and switching losses are below 3% of full power, independently of the input voltage. These new calculations are made using the same switch and considering the proposed models for losses [29] - [31] . With the proposed structure, the reduction in the inverter losses is huge, a 50% when V IN = 750 V. Any inaccuracy in the calculations is belittled by this fact. In the multilevel topology, for rated power, one of the inverters is programmed with d1 close to 0.5 while d 2 is used for power regulation. As power diminishes, d 2 diminishes as well, fetching eventually zero. At that moment, d 1 is used to regulate power. In this way, one of the inverters is always under good switching conditions, in phase with the resonant current i L . This diminishes switching losses, which might even be equalized between inverters if they are used alternatively to host d 1 and d 2 . For a given amount of The mathematical model makes up a great tool to program a digital control. For a given output voltage and power, the model is capable to compute the required switching frequency and duty cycles, d 1 -d 2 (see the Appendix). Moreover, following the method described in [13] , a simple polynomial model, easy to program, might also be developed for this topology. These calculations provide a good starting point to switch the converter ON. Then, a linear control is enough to adjust accurately these parameters. In fact, as many other converters whose output filter is made with only a capacitor, the dynamic response of the topology is first order [16] , [17] , [30] . The model is also a good tool to adapt the converter design to a given application. Fig. 11 depicts in a flowchart the steps that should be followed for that purpose.
VII. EXPERIMENTAL VERIFICATION OF THE MODEL
The precedent mathematical analysis is validated with a scaled prototype. The scale of voltage was established to a tenth of a three-phase rectified the main line: 40 V ≤ V IN ≤ 75 V. The resonant circuit is the same as calculated in the previous paragraph. Thus, a scale of 1-10 and 1-100 appears for current and power levels in the converter, respectively. On the other hand, a dead time of 600 ns is established between the switches of the same inverter branch. This value, typical of large current transistors, limits the maximum reachable d 1 . In the prototype, it has not been programmed larger than 0.43. Additionally, switching transitions cannot occur when the resonant current is exactly zero. A minimum circulating current is required to charge and discharge the capacities of the witches. Using the mathematical model, this time is fixed in the prototype to 500 ns. This delay in current zero crossing limits the short-circuiting of the auxiliary inverter, forcing the conduction of the antiparallel diodes during it. A minimum d 2 appears in the current transitions. Although the exact value depends on the switching frequency, it is always very similar to 0.04. Losses when d 2 is minimum are not large, since the transitions in the switches of the auxiliary inverter take place under a very small amount of current, Fig. 15 , while the diodes switch ON and OFF under zero volts.
The experimental results obtained in the prototype were consistent with the predictions of the model. As an example, Figs. 12-15 represent the main waveforms for rated power and one-twentieth of full power at different output voltages, respectively. Every output condition has been obtained in the extremes of the input voltage range, 40 V and 75 V, while the output voltage was measured reflected to primary (transfer ratio r t = 1:70). CH1, yellow, represents the resonant current i L , CH2, green, the reduced output voltage, V 0 , CH3, and CH4 the main, V A , and auxiliary, V B , inverter voltages, respectively.
Figs. [12] [13] [14] [15] show that the maximum current in the inverter is 26 A (260 A, 100 kW, 150 kV in the 1:1 prototype) as predicted by the model. As the model also predicts, this current does not diminish with power. In Fig. 14 , it is still as high as 20 A for only 50 W (200 A, 5 kW in the 1:1 prototype). Other interesting property of the proposed topology is that the peak current is never going to be simultaneously switched by both inverters. Together with the diminishing of current amplitude, this fact leads to a better performance in switching losses.
As a summary of the model accuracy, Table II shows a calculation of the average errors found between theoretical and measured magnitudes. With the same purpose, Fig. 16 shows a comparison between the actual measurements in the prototype (dashed lines) and the results predicted by the model (solid lines) for V IN = 40 V. The measurements are done at rated power, 1 kW, half power, 500 W, and one-twentieth of full power, 50 W.
VIII. FLUOROSCOPY MODE
Unlike radiography (kW and milliseconds), in fluoroscopy, the power levels are low and the operation time is long, even half an hour. However, the same power supply is expected to feed the X-ray tube under such so different conditions. Adapting a 100 kW source to deliver 2 kW is not simple. Fig. 10 shows one of the major drawbacks of resonant topologies: the resonant current does not diminish proportionally to delivered power. At 2 kW, circulating current can reach up to 200 A, which is confirmed in an experimental prototype in Fig. 15 . Obviously, this has an impact on efficiency and heatsink size. The origin of this problem is in the parallel capacitor C P . It must be charged and discharged every period to the output voltage, Fig. 6 . Therefore, the minimum required current for that depends on frequency and output voltage (37). In fact, Fig. 10 shows a linear dependence of the current with the output voltage for low power. It does not help either that the way to diminish power in resonant converters is to increase the frequency
There are only two possibilities to diminish circulating current at low power: to diminish C P or to diminish ω. However, lowering C P is difficult, affects transferable power (31) and is not too effective since it leads to an increment in the parallel resonance and therefore in the switching frequency in the following equation:
This paper proposes the increment in L X for low power. It will cause a diminishing in f P (38) and f S (34), and hence in the switching frequency. Regarding (31) the increment in L X also causes a decrement in maximum transferable power, but the measure is intended for low power levels. The multilevel topology inserts easily and additional inductance in the resonant circuit if the secondary inverter is disconnected from the circuit. Now the main inverter is operating alone to deliver power and the magnetizing inductance of the auxiliary transformer is added to the resonant net. This magnetizing inductance can be designed on purpose to meet low power level requirements. For our example, L M is set to 180 μH, what reduces the switching frequency and the circulating current more than a half (34)-(38), Fig. 17 . This has a big impact on losses. The impact could be even greater if the magnetizing inductance, L M , of the auxiliary transformer were even bigger. For instance, L M equal to 250 μH will reduce frequency and current to a third. The designer must consider the implications in size and cost of such a decision. Fig. 18 shows an experimental measurement of the low power delivered in these conditions. It has been obtained for the same output power and voltage presented in Fig. 15 where both inverters are active. As predicted by the model, the resonant frequency and current has diminished considerably, from 20.3 A to 8.1 A (from 203 A to 81 A in the 1:1 scale). Switching, magnetic, and resistive losses in the inverter and the transformer are also reduced since frequency lowers from 85 kHz to 32.7 kHz. Again, the model of the topology provides an accurate calculation with a 6% error in i LP and 0.02 in d 1 .
IX. CONCLUSION
For high power, high output voltage dc power supplies, the use of resonant converters is very convenient. However, beyond 50 kHz and 70 kW, current levels are so high that it is necessary to connect two switches in parallel to withstand losses. This implies many problems as to synchronize the drivers of the parallelized transistors or to equalize them dynamically. In this paper, with the same quantity of switches, an alternative structure has been proposed, modeled, and evaluated. The accuracy of the topology model has been proved by experimentation. The paper also includes an algorithm to dimension and design the proposed topology for a particular application, being the scaled prototype, Fig. 19 , a good implementation of a particular case.
The multilevel configuration supports two different duty cycles. The cost is an additional 1:1 auxiliary transformer. With a more flexible control, the topology model predicts, and the scaled prototype shows, that it is easier to deal with the wide input voltage variations inherent to the three-phase main line standards: 400 V to 750 V dc. In fact, the design of the resonant net can be adapted to a scene where the input voltage can be considered the maximum of the range, 800 V. As consequence, it has been experimentally verified that the maximum resonant current is reduced to a half, with benefits in inverter switching and conduction losses, proposing SiC MOSFET as the switch of choice. In particular, for input voltages close to the upper end of the range, only one inverter is switching the halved current, having the possibility to reduce drastically switching losses. The strategy to operate different inverters in alternate periods also improves losses sharing between switches.
Additionally, the magnetizing inductance of the 1:1 auxiliary transformer can be used to modify the resonant net in low power conditions. It has been experimentally proved in a scaled prototype that the resonant current and the switching frequency are largely reduced by this fact. Thus, the benefits of small size in high power design and low losses in low power but long time operating conditions are combined.
This multilevel structure can be extended to three or more inverters connected through two or more additional transformers in case than larger power levels were necessary. depends on f (26), (27) , and (30)
1) The iteration consist in a sweep of frequency values, from the minimum, f S , (34) to a maximum, 1.3 times f P (38). A "for" loop implements the sweep. Once f has a value, Z can be computed in (A1). 2) Regarding the current, optimal switching mode means a minimum phase between current and inverter voltage ϕ X , Fig. 20 . In fact, ϕ X is defined from the switching time in the MOSFET (some nanoseconds, ideally zero), and translated to angle via the switching frequency f. Once ϕ X is known, a new condition is set for the current real and imaginary parts (A2). Combining (A1) and (A2) originates (A3) 
In the other case, if d 2 is known, the procedure to obtain d 1 is identical. The only differences are that constants "c" and "s" will depend on d 2 and that (A6) will change to show a dependence on sin (2πd 1 ) and cos (2πd 1 ). 6) At this moment, d 1 and d 2 have been calculated to be on the optimal switching mode for the frequency selected in the "for" loop. The equations of the model (26)- (29) are used to compute the output voltage V 0 . If it is not the one defined as a target, a new value of f is taken, otherwise, the iteration has finished. This calculation model is explained graphically in Fig. 21 . The described algorithm has been successfully implemented in a mathematical environment. Gathering different operating points, the curves that describe the topology behavior have been obtained with this process. In a further step, these curves can be approximated by polynomials [13] . This simplifies the calculation for an embedded digital control.
